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fields holds important roles to give clear conception of (i) the EM wave energy and (ii) the action
process of light-electron interactions. Most of the researchers think that the phase difference
between electric and magnetic fields of the EM waves is 0°. In this work, we have discussed in
detail about the phase difference between the fields. We have shown that the phase difference
between the fields is 90° for all types of EM wave radiations in the both forms i.e. descriptive and
mathematical. The electric field is the driver of the EM wave power. The source of the EM wave
makes a sinusoidal electric field continuously then the changing electric field makes a magnetic
field instantly in all paths of its propagation, so the magnetic field is sinusoidal also with a delay
phase. The simulation of this research work shows that the radiated energy density is sinusoidal
and continuous. The research work may help to increase the applications of the EM radiations.

1. Introduction

The EM waves have been using in many applications of science, technical and engineering sectors such as telecommunications
[1-3], photovoltaic [4-6], rectenna solar cell [7-9] light related sensors [10] etc. The calculation of the power and energy of the EM
radiation is a useful part for all applications. The phase difference between electric and magnetic fields plays an important role to give
actual value of power as well as energy of the EM waves; also, it gives clear conception about the action process of light-electron
interactions. There are some powers and energies equations of the EM waves in society. James M. Hill et al. [11] have derived an
equation for power density of the microwave. The power density equation has been given as;

0= %a)e’E2 (Watt/m3), (€8}

where, ¢ = 2, ¢ is electric conductivity, w is angular frequency and E is electric field intensity. Shinobu Tokumaru [12] has derived an
equation for energy density. The equation is

W, = M EH (Joule/m3), 2)
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where ¢ is electric permittivity, p is magnetic permeability and H* is a complex conjugate of the magnetic field. Andrzej Wolski [13]
has stated an energy density equation of the EM waves. The equation is as follows

1
U= Ee,,Eﬁ (Joule/mz), 3

here, ¢, is electric permittivity in vacuum and E, is the maximum value of the periodic electric field. Andrzej Wolski [13] has also
derived a power equation. The power equation is
(L2
127¢e,C

(Watt) 4

Here, I, is current amplitude and  is length of current and k ( = Z—gf) is wave vector. C is speed and f is frequency of the EM waves.

The Poynting vector [14,15] is used as the power density of the EM waves. The power density equation is as follows

P=EFEx ﬁ(Watt/mz), 5)

where, E and H are sinusoidal electric and magnetic fields respectively. To establish and use all of the above equations, the phase
difference between electric and magnetic fields has not been considered. Maxwell [16] has proved mathematically that the electric
field, magnetic field and propagation direction of the EM waves are orthogonal. The phase difference between the fields is not clear in
his explanation. Hertz [17] has shown that the phase difference of the EM radiation is 90° near the source of the EM waves. There are
some more research works [18-20] on propagating EM waves, in which the researchers have considered that the phase difference
between the fields is 90° near the field source (it looks as Fig. 1(a)). As their concept, the phase difference decreases with distance, and
finally it becomes 0° in far distance (as Fig. 1(b)). The theoretical works have been done hypothetically. Recently Muhibbullah et al.
[21] have derived frequency dependence power and energy density equations, which can calculate power and energy density from EM
wave radiation. They consider that the phase difference is 90° during derivation, but after derivation, they have not given emphasis on
the phase difference. Their power density equation is

Pp= 4n2£ﬂ/4(fzf xH.S (Watt/mz), 6)

Here f is frequency, ¢, and y, are constants of the medium, S is the area of the irradiated space, F and H are instant electric and
magnetic fields at a place, respectively. Muhibbullah et al. [22-24] have used the power density equation of the reference [21] to
explain the photoelectric effect in which they have considered that the phase difference between electric and magnetic fields is 90°.
The explanation has matched smoothly with the experimental results. Very recently Muhibbullah et al. [3] have derived a power
equation of a monopole receiving antenna. They have considered 90° phase difference between the fields also. Their power equation
matches with the practical results. In the present study, we have explained the phase difference between electric and magnetic fields
for all spectrums of EM wave radiation. We have given explanations about the phase difference between the fields in the form of
descriptive and mathematical. We have given a simulation result of the power density of the EM wave radiation versus time for two
phase-differences also.

2. Theoretical explanation

According to Maxwell’s propagating EM wave theory, the electric field, magnetic field and propagating direction are orthogonal
[13,16,25]. It is true for all types of EM radiations such as plane polarized, circular polarized and non-polarized EM radiations
including visible light, ultraviolet radiation, X-ray, Gamma ray etc. The phase difference between electric and magnetic fields has been
discussed step by step. Firstly, the phase difference of the low frequency EM wave radiation and then the high frequency EM wave
radiation have been stated, after then the mathematical expression of that has been given as sub-sections.

Fig. 1. Plane polarized EM waves with different phase differences (¢) between the electric and magnetic fields (a) = 90° and (b) 6 = 0°.
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2.1. Descriptive

2.1.1. EM waves of low frequency
Usually the electronic device produces low frequency EM wave radiation. Let us consider an LC circuit with a negligible ohmic
resistance. The second order differential equations of charge Q or current I can be derived easily [26] with respect to time, t. The stored
electric and magnetic [27] energy have been exchanged periodically between capacitor and inductor in the circuit. The differential
equations of the charge and current can be written as;
0
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Fig. 2. Dipole antenna with electromagnetic wave radiation. The figures are the instant images of the electric (red, XY plane) and magnetic (green,
XZ plane) fields at a moment in the near and far distances. (a) At the initial moment t = 0, (b) at a moment of one eighth value of time period, t = T/
8,(c)att="T/4,(d)att=3T/8,(e)att=T/2, (D att=5T/8,(g) att =3 T/4 and (h) at t = 7 T/8. And, the figure (i) represents instant images of
the EM fields at different moments in different distances. The dot and cross signs represent outward and inward magnetic fields respectively. For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.
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Here, L is self-inductance of the inductor and C is capacitance of the capacitor. In this way, the system radiates EM waves with
frequency f (w = 2zf =1/ \/ (LC)) around the circuit. The Egs. (7) and (8) look similar, but the natures of the values of “Q” and “I” are
not same at a moment according to the device activity. When one is maximal (or upward) at that time the other is minimal (or
downward). Then the solution of the two equations should not be exactly the same. The current flowing is not possible initially without
any charge in the capacitor or any bias in the circuit. So we have considered that the initial current is zero and the capacitor is fully
charged (Q,). During the oscillation of charge and current, one is increased and other is decreased at a moment, and vice versa. Thus,
the solutions of differential equations should be as

0o(t) = Q,coswt, ©)

and,
I(f) = I,sinot. (10)
Here Q, is the maximum value of charge, Q and I, is the maximum value of current, I. The electric field f(?, t) is proportional to

the charge, Q, and the magnetic field ﬁ(?, t) is proportional to the current, I. Then according to the Egs. (9) and (10) the electric field
and magnetic field can be written at a place T (distance from the circuit) as;

E(7.1) = E,(7)cosor, (11
and,

H(7,t) = H,(7)sinor,
or,

ﬁ(?, 1) = ﬁ,,(?)cos(wt— g) 12)

Here, 30(7) and ﬁu(?) are maximum values of electric and magnetic fields nearby of the circuit, respectively. Since the charge as
well as the electric field initiates to create EM waves, the magnetic field is behind the electric field. The Eqs. (11) and (12) indicate that
the phase difference between electric field and magnetic field is 90° in case of low frequency EM radiation. On other hand, usually an
electronic device radiates EM waves in air by an antenna. Fig. 2 illustrates the radiation pattern of the EM waves for a dipole antenna
for an oscillating electric power. The oscillating electric charge of the dipole antenna makes an oscillating electric field in the sur-
rounding three dimensionally. Impact of changing electric fields produces an oscillating magnetic field [16] in the three dimensions
also. To avoid complexity, the electric field (red line) has been shown to XY plane only and the magnetic field (green line) has been
shown to ZX plane only. The antenna makes the line of electric field as a loop. The value of the line density changes as sinusoidal with
time. The direction of the electric field remains along the positive direction of Y-axis (Fig. 2(a-c)) during the quarter time period of an
oscillation. In this time, the line density starts to decrease from a maximum value to the zero, then starts to increase up to the maximum
(Fig. 2(c-e)) with negative direction. Then, the line density starts to decrease from the maximum value to zero without changing
direction (Fig. 2(e-g)), then, it increases with changing direction (Fig. 2(g-h)). A portion of the loop of electric field remains inside the
dipole up to quarter period with varying density. Then the field disappears for a moment and generates again with the opposite di-
rection as the loop. This repetition work continues continuously with time. The ends of the line of released electric field remain open.
The lines cannot make a loop with the next (other) opposite lines of the electric field after release because there is a time interval
(distance) between opposite lines. There is no opportunity to travel as a full loop of electric field from the antenna. Few researchers
show the electric field as a loop (see the figure 5 of reference [28]). If the field is able to make a loop then the field should be vanished
within a short time by the law of electric line of force as well as field because the line of electric field tries to be shortest always. Then
the similar oriented parallel lines of electric field travel without making a loop, and the end of two lines is closer for the near field. The
distance of the ends of two lines is wider for the far field (Fig. 2(i)) because the lines become parallel in the far distance. Fig. 2 clearly
demonstrates that when the electric field is maxima then the magnetic field is zero and vice versa. The nature of the density of the
magnetic field is similar to the nature of the electric field but their phase is different. The figure indicates that the phase difference
between electric and magnetic fields is 90°. This expression agrees with previous report [17-20] for the case of near field. The re-
searchers [18-20] report that the phase difference is 0° for the far field. They have taken this decision from a complex expanded series
hypothetically. However, Fig. 2 reveals that the phase difference of the EM waves is 90° for both near and far distances. Because the
source device does not do any extra work for the far field; that means the source device action is same for both near and far fields.
Moreover, there is no theory of physics to support the change of phase difference from 90° to 0°. Therefore, an observer of far distance
must observe the 90° phase difference between electric and magnetic fields as the near field. A research group [3] has derived a power
equation of a monopole-receiving antenna. They have considered the 90° phase difference between the fields of the EM waves. Their
power equation matches with the practical results smoothly.
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2.1.2. EM wave of high frequency

The electron transition of the atomic orbit produces infrared, visible and ultraviolet light, X-ray and gamma ray. These EM radi-
ations contain very high frequencies. As we said in the previous subsection, that the electric field initiates EM radiation according to
the action of the EM wave source in the case of microwaves. The movement of the electric charge as well as the changing electric field
produces magnetic fields. The electric field can exist without any effect of the magnetic field, which means the electric field is able to
appear without magnetic field, i.e. the electric field is independent. It indicates that to produce any type of the EM wave radiation the
electric field acts as a dominator and the magnetic field is generated by action of the electric field [16]. So, their phases should not be
the same in the EM waves. Very recently, a researchers group [29] presented in an international conference how an EM wave transits
the electron from inner orbits. They consider 90° phase difference between the fields of light energy and then the light rotates orbital
electrons in the inner orbits. Then a pair (rotated) excited electrons of equal (absorbed) energy but opposite spinning achieves
repulsive EM force. The electrons pair is removed from the orbit if the achieved energy is larger enough than the orbital binding
energy. Recently Muhibbullah et al. [22-24] have explained the photoelectric effect in which they have considered that the phase
difference between electric and magnetic fields is 90°. The explanation has matched smoothly with the experimental results. Moreover,
the natures of microwave and other EM radiations (infrared, visible light, ultra-violet, X-ray and Gama ray) are similar such as
reflection, refraction, interference, diffraction, polarization, speed etc. Only their frequency is different. Then we can say that the phase
difference between the fields of EM radiation should be similar to the microwave that is 90°.

2.2. Mathematical

Maxwell’s propagating EM field theory states that the directions of electric field, magnetic field and EM wave propagation are
orthogonal. Also, Maxwell’s theory reveals that the changing electric field produces a magnetic field [16] and vice versa. According to
Maxwell’s field equations, it should be logical to state that the produced instant magnetic field is proportional to the changing rate of
electric field. Ampere’s law and Biot Savart law support the logic. Mathematically the relation between the instant magnetic field and
the changing rate of electric field with time can be written as;

or,

dE(7,0) x 7

_
H(7,0)=k

13

Here, the k is the proportionality constant and 7 is the unit vector along the propagation direction. The unit vector, 7, has been taken
to make sure the perpendicular direction of magnetic field with electric field because of Maxwell’s field theory. For a place, the unit
vector is constant with time. Putting the value of electric field from Eq. (11) into Eq. (13), and derivative then we get;

H(7.1) = —kE,(7) x Fsinot,

or,

H(7.1) = —okE,(7) x 7cos (m - g) (14)
The minus sign indicates the direction of the produced instant magnetic field. In the sinusoidal electric field, the value of it changes
with time and the direction of the electric field changes after half time periods. Thus, in the negative changing rate of electric field, the
. . PoR) . - o~ . . . . . 3 .
magnetic field becomes a positive sign. The E, x T is the vector quantity and acts along the direction of the magnetic field and its value
is constant with time at a place. Then, for a monochromatic EM wave, wkfo(?) x T should be a constant and it can be treated as the
amplitude of the magnetic field ﬁ0(7). So, the Eq. (14) becomes similar to Eq. (12). Then the Egs. (11) and (14) indicate that the phase
difference between the (electric and magnetic) fields is 90° as we said in previous. On other hand, Fig. 3 explains the mathematical
expression clearly. The changing electric field as a sinusoidal mode of the EM waves with time is shown in Fig. 3. We have to explain
that for a change of the electric field, how much instant value of magnetic field produced? In this way, we can estimate the phase

E dﬁmax
‘
~IR !
dt
N 3 + dE=0
—lle 1
dt

Fig. 3. The changing rate of electric field with time in the propagating EM wave.
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difference between the fields. Let us consider that the sinusoidal electric field is situated as a static field on a time frame instead of time
dependent value at a place. Fig. 3 shows that the change rate of electric field with time is zero at around the peak region. Then, the
magnetic field should have disappeared at that time as Maxwell’s dynamic field theory [16]. In the front or back time region of the
peak, the change rate of the electric field is larger. In the region of absolute zero value of electric field, the change rate of the electric
field is maxima, so the instant magnetic field at this moment must be maxima according to the field theory. Therefore, when the
absolute value of the electric field is minima at that moment, the produced instant magnetic field is maxima for the maximum changing
rate of the electric field. When the absolute value of the electric field is maxima then, at that moment, the produced instant magnetic
field is minimal. The fact indicates clearly that the phase difference between electric and magnetic fields is 90°. These interactions
between electric and magnetic fields continue up to the end (in all distances) of the propagated EM radiation. The information is very
important because we can decide from this that the phase difference is 90° not only for the near field but also for the far field. The
electric field is the driver of the EM wave power; the source of the EM wave makes a sinusoidal electric field continuously then the
changing electric field makes a magnetic field instantly in all paths of its propagation without depending on any distance. Some re-
searchers [18-20] reported that the phase difference is 0° for a far field. Maxwell’s dynamic field theory does not support the 0° phase
difference. For example- if we consider that the phase difference is 0°, in that case, when the absolute value of magnetic field is minima
then the absolute value of electric field is also minima, but at that moment, the change rate of electric field is maxima (as Fig. 1(b)). The
concept violates the dynamic field theory, because, when the magnetic field is minimal, at that moment, the change rate of electric
field must be minima as Maxwell’s theory. C. Capps [30] reported using the expansion equation of SK Schelkunoff that the 1/r° terms
dominate their expansion equation for the near field. As the distance (r) increases, thel/r® and 1/7 terms attenuate rapidly and, as a
result, the 1/r term dominates in the far field as in his report. They have not proved the mathematical (different type of inverse
proportions) concept by the theory of physics or by experiment. Their idea comes from a hypothetical algebraic concept. The concept is
not reliable because an EM wave power spread following with different rules in an incident. Rather than it is well known that the light
intensity is inversely proportional to the square of the distance [31] between detector and light source. Many researchers [31-33] have
proved experimentally the inversely proportional to the square of the distance. The hypothetical concept of mathematics does not
match sometimes with the theory of physics. Therefore, their [18-20,30] hypothetical idea is going to be replaced by the modern
connect [3,21-24] of the EM wave theory.

3. Simulation and discussions

In the EM wave radiation, both the electric and magnetic fields are sinusoidal with time. The electric field is the main power of the
EM wave radiation. The magnetic field is dependent and it is produced by changing electric fields. From Eq. (6) the flow of power
density of the EM wave can be written [20] as

Pp = 471'26‘0ﬂ0f2EHS . (15)

Here E and H are perpendicular to each other. We consider that the EM wave radiation has fallen perpendicularly on the plane
surface S, so the direction of the EM wave propagation and the direction of the surface is same. We have considered and proved that the
phase difference between electric and magnetic fields is 90°, however we reconsider that the phase difference is 6 here. The value of the

6 can be either 0° or 90° for present believing and our concept. Considering the modulus of F and H of the Egs. (11) and (12) and
putting the values of the E and H into Eq. (15), and we get,

Pp = 4n*e pi f*SE,H,coswtcos(wt —  6). (16)

To plot the power density Pp of the EM wave radiation for two different phase differences, let us consider the value of (47%¢,u,f2S) is
1. Some values of wt (T/16, 2T/16, 3T/16, ............... , T) have been used to find Pp, from Eq. (16) for the phase differences 0° and 90°.
We have plotted the values of Py, and wt for a constant energetic EM wave radiation as graph in Fig. 4. The figure shows that the power
density is all time positive when the phase difference is 0° and the power density is sinusoidal when the phase difference is 90°. A
researcher [18] commented that “if the electric and magnetic fields are phase synchronous (0°), then when one is positive, the other is
positive and when one is negative the other is negative. In either case, the Poynting flux is always positive and there is always an
outflow of energy. If the electric and magnetic fields are in phase of 90°, then half the time the fields have the same sign and half the

1.2 9 |=—0=0°
. —0 =90°
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5
g 041
B
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Fig. 4. The simulated results of power density with time for phase differences 90° and 0°.
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time the fields have opposite signs. Thus, half the time the Poynting vector is positive and represents outward energy flow and half the
time the Poynting vector is negative and represents inward energy flow. Thus, fields in phase are associated with far field radiation and
fields of 90° phase are associated with near field.” Our simulated results of the power density of the EM waves for both phase dif-
ferences agree exactly with the expectation of the reporter. However, his statement about the process of the power flow for far EM
waves is not clear, because there is no supporting logic as to why the power flow will be different for the far field than the bear field.
According to their [18-20] reports, the power of the near field is both outward and inward, and at that region, the EM radiation is
overcome the limit of near field distance. No problem is raised to propagate from source to the distance of near field limit. It reveals
that by the process ‘outward and inward’, the energy flow is possible. We showed that the phase difference between electric and
magnetic fields is 90° already, therefore, the EM wave power propagates with positive and negative value in each cycle. It is well
known to all that in the AC electric power system, the carriers (electrons) move front and back per cycle and the electric power
proceeds from one city to another by sinusoidal oscillation of the carriers. Therefore, we can say that the EM wave power propagates as
the form of sinusoidal continuously.

4. Conclusions

The energy fluctuation of the EM waves depends on the phase difference between electric and magnetic fields. We have presented
the phase difference between the fields theoretically here. In the case of low frequency EM waves, we have shown that the phase
difference between the fields is 90° considering the action of the source device of the EM waves. Mathematical expression also shows
that the difference is 90° for both near and far fields. The electric field is the driver of the EM wave power. The source of the EM waves
makes a sinusoidal electric field continuously then the changing electric field makes magnetic field instantly in all paths of its
propagation. The simulation of this research work shows that the power density of the EM wave flow as the form of sinusoidal with 90°
the phase difference between electric and magnetic fields. The research work may help to increase the applications of the EM wave
radiations. The “interaction of free electrons under light” and the “orbital transition of electrons” based on the EM wave concept are
our future research works.
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